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Dark matter, dark photons through the observables
Gennady Kozlov
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We analyse dark matter (DM) produced somehow in space-time is charged under the hidden
U ′(1) gauge symmetry and interacting with Standard Model (SM) through the scale invari-
ance breaking sector containing dilatons and dark photons (DP). We find the solutions for
DM and DP in terms of observables. The DM observable is under DP field shape influence.
DP is the natural mediator between DM and the SM sectors. The phenomenology of DP
physics and the registration of dark photons are discussed.
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1. Introduction
The study of dark matter (DM) in direct or non direct searches is actual and ongoing.
Dark photon (DP) as one of the fundamental vector forms of DM in sub-GeV region becomes
the main target to this activity (see, e.g., [1], [2] and the refs. therein). DP may have its origin
in spontaneous breaking of conformal symmetry [3]: dark photons may have been produced
by decays of dilatons, the scalar fields related to breaking of scale invariance. As dilatons
are typically abundant in Nature, their dynamics is expected to provide the generic initial
conditions for production of dark photons after breaking of conformal symmetry. On the
other hand, there is the possibility that dilaton fields themselves constitute of the observed
DP abundance. Here, we have to be careful, because in the absence of interactions the dilaton
field may carry the features of dipole ”ghost” with an indefinite metric. In this case, the
Fourier transformation of two-point Wightman function (TPWF) for dilaton fields contains
θ(p0)δ′(p2) distribution (generalised function) [3] in the momentum p - space S(R4), and this
TPWF does not have the sense in terms of the positive measure. The latter also comes from
the dilatation transformations of TPWF. In addition, the presence of δ′(p2) is a consequence
of the non-unitarity of the translations relevant to dilaton. To avoid the unphysical result we
use the S-matrix approach to asymptotic states of dilaton mixed with the Standard Model
(SM) Higgs boson (Sec. 3).
One of the basic theoretical instruments to search both DM and DP is the extension of
SM within the principles of conformal (scale) and gauge invariances. The dilaton acquires
mass from explicit breaking of scale invariance in the scale-invariant sector. The mass of
the dilaton is small compared to the energy scale relevant to spontaneous breaking of scale
invariance. DM can be imagined with various possible spins: spin 1/2, scalar and as a gauge
boson. Here, we consider the spin 1/2 DM that is treated as a Dirac particle. In this paper,
we study the model where both DM and DP reside in a hidden sector where the latter also
contains a dilaton field. The key question is to find the signature of DM and DP in terms of
observables.
The plan of the paper is as follows. The Sec. 2 is devoted to breaking of symmetry.
The mixing between the Higgs boson and the dilaton associated with the dipole ”ghost” is
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considered in Sec 3. In Sec. 4 the model with one derivative scalar is developed. In Sec. 5 we
consider the model of the dilaton containing conformal anomaly. In Sec. 6 the Abelian Dipole
Dark Photon Model (ADDPM) with different couplings is presented. The Sec. 7 is devoted
to DM and DP in terms of observables where the latter are the only under stochastic forces
influence (Sec. 8). In Sec. 9 some comments to phenomenology of dark photons are given.
The paper is concluded by Sec. 10. The results are given in the forms that are convenient
to author, and clarify the main aspects which, we guess, will not require to refer to original
papers.
2. Breaking of symmetry
It is known the gap between the conformal sector and the SM sector in the sense of
matter fields in terms of observables. We propose dynamical evolution of dilaton and DP
masses in the early Universe that choose a scale parametrically smaller than the cutoff of
the theory. We assume the dilaton mass and DP mass equal to zero are the special points in
terms of dynamics but not in terms of symmetry. There are the points where the weak forces
spontaneously break the symmetry and theory enters another stage of interaction between
DM and SM.
In the approximate conformal theory, the derivative of dilatation current Sµ(x) is almost
equal to zero, ∂µS
µ(x) = θµµ(x) ≃ 0, where Sµ = θµν xν under the dilatation transformation
xµ → ω xµ, θµν is the energy-momentum tensor, and θµµ is its trace. In SM, θµµ 6= 0 flashing
the breaking of scale invariance due to running couplings and dimensional transmutation. In
papers [4]-[6] there were shown that vector field with non zero mass occurred in case of special
conformal transformations (SCT) does not describe the independent vacuum fluctuations,
and, thus, this vector field is an excessive (not necessary) field in the theory. In paper [7] the
inverse Higgs condition has been suggested, that can allow to express the excessive field in
terms of ”physical” one where the latter can already describe the independent fluctuations
of the vacuum. This mechanism does admit to replace the vector field by some composition
of the dilaton field within SCT.
In field theories, conformal symmetry is the maximal space-time group symmetry (su-
persymmetry does not considering here). The scheme of spontaneous symmetry breaking
is
Gcon(d)×Gint → H, (1)
where Gcon(d) is the conformal group of dimension d; Gint is the group of internal symmetry
and H contains the vector subgroups of both space-time and internal symmetries. To under-
stand the relation between DP and the dilaton, one needs an effective Lagrangian density
(LD) governed by spontaneous breaking of both conformal invariance and gauge invariance.
One can choose the field order parameter Φ the vacuum average of that breaks the conformal
invariance at some scale f . In some cases Φ may be nothing other but the dilaton field. The
factor-space relevant to (1) has the form
gcon = e
i Pµxµ eiKνb
ν(x) eiDΦ(x),
where Pµ, Kµ and D are generators of translations, SCT and dilatations, respectively; xµ
are coordinates in the space considered; bν(x) is the vector field that may play the special
role: it is the DP field in spontaneous breaking phase governed by the effective theory. The
origin of DP is the conformal anomaly, and an evidence of DP is through the decay of a
dilaton. A light narrow resonance is therefore one of features of nearly conformal dynamics
with production of two dark photons. The operators Kˆµ and Dˆ acting on the order parameter
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Φ give
KˆµΦ = 2xµ dΦΦ, DˆΦ = dΦΦ, (2)
where dΦ is the scale dimension of Φ if the latter is the space-homogeneous field. From (2) one
can no see the direct action of SCT on Φ, just through the space-time coordinates xµ. It means
the vector field bµ(x) itself may not be necessary to describe any local fluctuations of the
vacuum. According to the formalism of inverse Higgs mechanism [7], bν(x) ∼ −f−1∂νΦ(x),
where the vector field is nothing other but the derivative of the dilaton field. We shall come
back to this result in Sec. 6 where ADDPM [3] is developed.
3. Higgs-dilaton mixing and dipole ”ghost”
In the conformal sector the (particle) spectrum may contain the mass eigenstates of the
Higgs boson and the dilaton through their mixing which depends on the ultraviolet completion
of the theory. A distinctive difference between the Higgs boson and the dilaton is in their
couplings to massless gauge bosons. If there are two Higgs doublets, one Higgs is responsible
to heavy masses of third generation quarks, another one is responsible to the masses of light
quarks, and the dilaton mixes with just the former Higgs. We can admit the dilaton field may
carry the properties of dipole ”ghost” field [3] defined in the space with indefinite metric.
Thus, we deal with general transform of the physical state in a mixture with physical and
”ghost’ states. To avoid the unphysical result we use the S-matrix approach to the theory
and consider the local scalar field X(x) in the form
X(x) = z(x) +
∑
n
cn ζn(x), cn = const,
where z(x) is the set of physical states including the Higgs boson; ζn(x) ∈ {ζ1(x), ...,Φ(x), ...}
and some of the fields in ζn may have a negative probability; the dilaton field Φ(x) may stand
as a virtual (fictitious) state. The total Hilbert space ℧(ℜ4) is the sum of the Hilbert space
S(ℜ4) of the physical states z(x) and of that one S′(ℜ4) of ζn(x) states.
For the Higgs-dilaton mixing let us introduce the perturbation (distortion) to the Higgs
boson field H(x) by
X(x) =
1√
2
H(x) + i κΦ(x), X⋆(x) =
1√
2
H(x)− i κΦ(x), (3)
where κ < 1 is the distortion strength. The expressions (3) are nothing other but the
fluctuations by the dilaton field around the vacuum expectation value of the Higgs boson
〈H〉 = 246GeV . We can write down LD containing two scalar fields X and X⋆ with complex
conjugate masses µ and µ⋆ and with interaction part given by DP field Bµ:
L =
1
2 i
(
∂µX∂
µX − µ2X2)− 1
2 i
(
∂µX
⋆∂µX⋆ − µ2⋆X2⋆
)
+DµXD
µX⋆, (4)
where Dµ = ∂µ + igBµ. Having in mind (3), LD (4) becomes
L =
1
2
∂µH∂
µH+κ∂µH∂
µΦ−κµ21HΦ−
1
2
µ22H
2+ gκBµ(∂
µΦH−∂µH Φ)+ 1
2
g2B2µH
2. (5)
Here, µ21 = ℜeµ2, µ22 = ℑmµ2, and the terms ∼ κ2 << 1 are neglected in (5). The model
with LD (5) is not invariant under transformations
Φ(x)→ Φ(x) + Λ(x), H(x)→ H(x) + Λ(x), Bµ(x)→ Bµ(x) + ∂µΛ(x)
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unless Λ(x) = 0. The equations of motion are[
+ µ21 − g(∂B)− 2gBµ∂µ
]
Φ = −κ−1( + µ22 − g2B2µ)H,[
+ µ21 + g(∂B) + 2gBµ∂
µ
]
H = 0.
If one neglects the interaction by Bµ field the canonical formalism implies the commutator
[H(x),H(x′)] = 0, and the solution for the dilaton field Φ is given through the Higgs boson
field H:
Φ(x) =
1
κ
(
µ22
µ21
− 1
)(
1 +
1
2
xµ∂
µ
)
H(x) + C(x), (6)
where the free (auxiliary) field C(x) obeys Eq. (+µ21)C(x) = 0. It is easy to check that the
solution of the dilaton field in ℜ4 is given by the Fourier transform
Φ(x) =
∫ [
Φ(k) +
1
κ
(
µ22
µ21
− 1
)(
1− 1
2
ikx
)
H(k)
]
e−ikx δ(k2 − µ21) d4k.
The following commutators can be found easily:
[H(x),Φ(x′)] = i∆(x− x′;µ21), [Φ(x),Φ(x′)] =
i
κ
(
µ22
µ21
− 1
)(
1 +
1
2
xµ∂
µ
)
∆(x− x′;µ21),
where ∆(x, µ21) = 2πi
∫
d4p sgn(p
0) δ(p2 − µ21) e−ipx.
Actually, Φ can be interpreted in terms of dipole ”ghost” field in case of very weak
couplings to DP because of Eq.(
+ µ21
)2
Φ(x) = 4παdark[(∂B) + 2Bµ∂
µ]2Φ(x), (7)
where 4παdark = g
2. The origin of the dipole ”ghost” behaviour of the dilaton field (6) is
the second term in (6) ∼ xµ∂µH(x). In this case, Φ(x) is part of some asymptotic pattern
of a more complicated theory containing other fields corresponding to the physical metric.
The properties of Φ(x) in (7) in case αdark = 0 may be found in [8]. The massless case
of the model with (7) is more singular. The scale transformation xµ → ωxµ in solution
(6) leads to requirement to C(x) field: C(x) → C(x) = (1 − ω)Φ(x) with ( + µ21)C(x) =
(1−ω)(+µ21)Φ(x), ω > 0. It is easy to see that the dilaton field Φ in (6) is the Higgs boson
field in classical sense distorted by ”ghost” Higgs.
We’ll use the S-matrix approach to the operator form of X(x) (see (3)):
Xˆ = Hˆ + κ Φˆ,
where Hˆ = P Xˆ (Hˆ ∈ S(ℜ4)) and κ Φˆ = (1−P ) Xˆ (Φˆ ∈ S′(ℜ4)). The operator P projects the
states Hˆ from ℧(ℜ4) to S(ℜ4); P+ = P , P 2 = P ; ‖ Xˆ ‖2 = ‖ Hˆ ‖2+κ2‖ Φˆ ‖2, ‖ Hˆ ‖2 > 0. In
the S-matrix approach Xˆ+∞ = S Xˆ−∞. As the result, we find the asymptotic ”ghost” dipole
state κ Φˆ+∞ via the asymptotic state Hˆ−∞ of the (physical) Higgs boson
κ Φˆ+∞ = {1 + (1− P )S}−1(1− P )S Hˆ−∞,
where Hˆ−∞ is defined from the equation Hˆ+∞ = S˜ Hˆ−∞ and the unitary matrix S˜ is S˜ =
PS{1+ (1−P )S}−1. The latter connects the physical amplitude of the Higgs state operator
Hˆ only. As to the application to light flavour sector beyond SM, the dilatons could perhaps
be the origin of the observed KOTO excess in KL → π0νν¯ decay [9]. The minimal Higgs
portal mixed with dilatons can explain this anomaly. This is due to extra decays KL → π0X,
where X is long-lived and weakly interacting scalar so that it appears as missing energy at
KOTO [10].
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4. One derivative scalar model
We shall not quantise DM and DP fields in the conventional manner for two reasons:
- to be consistent with experiment where no such particles have been identified,
- to avoid the infra-red (IR) problems in perturbation theory.
DP field can be removed from LD in favour of interaction with DM. Consider the classical
variant of one derivative scalar LD
L = χ¯(i∂µγ
µ −mχ − gBµγµ)χ+ ∂µϕ˜ ∂µb+ 1
2
b2 − Iµ(Bµ − ∂µϕ˜), (8)
where χ is a Dirac fermion singlet (with the massmχ) charged under U
′(1) group, a candidate
to DM; Bµ is the U
′(1) gauge field, a candidate to DP and g is its coupling to DM; ϕ˜ is the
sub-canonical massless scalar field; the field b plays the role of a gauge-fixing multiplier and
it remains free; Iµ is an auxiliary arbitrary vector field. The Eq. of motion ∂µϕ˜(x) = Bµ(x)
transforms (8) to
L = χ¯(i∂µγ
µ −mχ)χ− g Jµ ∂µϕ˜+ ∂µϕ˜ ∂µb+ 1
2
b2,
where Jµ = χ¯γµχ. One can easily find the equations of motion for χ and ϕ˜:
(i∂µγ
µ −mχ)χ = gγµ ∂µϕ˜ · χ, (9)

2ϕ˜(x) = 0. (10)
In quantum case the solution of (9) is
χ(x) =: e−i g ϕ˜(x) : χ(0)(x), (11)
where χ(0)(x) is the solution of free Dirac equation. The normal product : ... : in (11) stands
for
: e−i g ϕ˜(x) := e−i g ϕ˜
(+)(x)e−i g ϕ˜
(−)(x),
where ϕ˜(x) is decomposed into negative-frequency (annihilation) and positive-frequency (cre-
ation) parts
ϕ˜(x) = ϕ˜(+)(x) + ϕ˜(−)(x), ϕ˜(+)(x) =
[
ϕ˜(−)(x)
]+
.
Here ϕ˜(−)(x)Ω = 0, 〈Ω|Ω〉 = 1 for the vacuum state Ω. The equations of motion b = ϕ˜ and
b = 0 accompanied by the following equal-time commutators of the fields b(x) and ϕ˜(x)
[∂0b(x), ϕ˜(y)]|
x0=y0
= [∂0ϕ˜(x), b(y)]|
x0=y0
=
1
i
δ(~x − ~y)
lead to the basic commutator of the dilaton field
[ϕ˜(x), ϕ˜(y)] = 2π
∫
sgn(p0) δ′(p2) e−i p(x−y) d4p =
1
8πi
θ(z2) sgn(z0), z = x− y, (12)
where the distribution sgn(p0) δ′(p2) in (12) is well-defined in terms of odd homogeneous
generalised function in Minkovsky space S′(M) of temperate generalised functions. There
is a well-known singularity δ′(p2) in (12) corresponding to dipole field ϕ˜(x) satisfying Eq.
(10). The breaking of gauge symmetry requires such a type of singularity in TPWF of vector
potential in Abelian Higgs model [11]. The TPWF W (x) = 〈Ω|ϕ˜(x) ϕ˜(0)|Ω〉 is
W (x) = 2π
∫
θ(p0)δ′(p2)e−ipxd4p =
−1
(4π)2
[
ln |k2x2µ|+ iπǫ(x0)θ(x2)
]
. (13)
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Here, k is a positive constant with dimension of mass, the parameter of IR regularisation.
The commutator [ϕ˜(−)(x), ϕ˜(+)(0)] is W (x) by commuting ϕ˜(−)(x) to the right and ϕ˜(+)(x)
to the left. All the other commutators are [ϕ˜(−)(x), ϕ˜(−)(y)] = [ϕ˜(+)(x), ϕ˜(+)(y)] = 0.
The generalised function (distribution) θ(p0) δ′(p2) in (13) is defined only on the basic
functions D(p) that are equal to zero at p = 0. We suppose D(p) is the test function related
to dilaton field Φ(p) with the mass µ, and D(p = 0) = 0. Than, one can write down
2π
∫
θ(p0)δ′(p2)D(p)d4p = − ∂
∂µ2
2π
∫
θ(p0)δ(p2 − µ2)D(p)d4p = − ∂
∂µ2
∫
D(p)
d3~p
2 p0
. (14)
The result of (14) is
2π
∫
θ(p0)δ′(p2)D(p)d4p =
∫
Γ+0
1
2n p
(
−n∂p + 1
n p
)
D(p)
d3~p
2 p0
,
where n is the fixed vector from V + = {p ∈ M, p2 > 0, p0 > 0} with the property n2 = 1,
Γ+µ = {p ∈M, p2 = µ2, p0 > 0}, µ > 0.
The Fourier transformation of (13) itself does not have a positive measure. It also follows
from (13) under the dilatation transformation
W (x)→W (ωx) =W (x)− 1
2(2π)2
lnω, ω > 0.
Thus, the representation of ϕ˜(x) obeying (10) has to be formulated in the space with indefinite
metric using the pseudo-Hilbert space.
5. Dilaton with conformal anomaly
In this section, we investigate the approximately scale invariant sector with the effects
stemming from conformal anomaly that involves SM, scalar dilaton, DM and DP, and reflects
the violation of conformal invariance of hidden sector. Both, DM and DP are lightest species
of some hidden sector with its own gauge interactions and some symmetry that stabilises
DM and DP. Consider the LD of the effective theory with a cutoff ∼ 4πf :
L1 =
∑
l:q,χ
l¯(iDˆl −ml)l − b(∂B) + 1
2
b2 − Iµ(Bµ + e−σ ∂µσ), (15)
where spin 1/2 fields l run over quarks q and DM χ with masses ml; Dˆl = D
µ
l γµ = (∂µ +
i glBµ)γ
µ, gl are couplings of q and χ with DP field Bµ; Iµ is an auxiliary vector field. The DM
field χ is neutral under SM quantum numbers and charged under a hidden gauge symmetry
that is broken at low energies. The dilaton field σ(x) has non-linearly transformation σ(x)→
σ(x eω)+ω under dilatation transformation of coordinates xµ → ω xµ. To avoid the non-linear
term e−σ ∂µσ in (15) one can make the redefinition σ(x)→ Φ(x) = f e−σ(x).
LD (15) is invariant under restricted gauge transformations:
l→ l e−i gl Λ (l : q, χ), Bµ → Bµ + ∂µΛ, ϕ˜→ ϕ˜+ Λ, b→ b, Iµ → Iµ, (16)
where ϕ˜(x) = Φ(x)/f , Λ(x) satisfies Λ(x) = 0. The only Dirac particles l lighter than
dilaton are included in (15) because of conformal condition for the first coefficients of β-
function (for details, see [12], [13]). If the quantum system is close to phase transition or
to the critical point, Φ(x) spontaneously slipped from having zero average value in the hot
6
space domain to the one having an average value f . The commutators of fields involved in
LD (15) and the relevant two-point Wightman functions, the Green’s functions can be easily
obtained using the lessons given in the paper [14].
DM has no direct couplings to SM sector. The dilaton is the dominant messenger be-
tween SM and DM, however, DM thermal relic abundance is governed by its coupling to the
derivative of dilaton field [3], and thus, strictly related to f . The dilaton has the coupling to
the trace θµµ(x) of the energy-momentum tensor containing all the fields in the scale-invariant
sector, and may also pick up the couplings at the loop level due to scale anomaly. The dilaton
may be lighter than DM, and dark photons be the dominant decay product of a dilaton. At
energies below 4πf we have the following couplings of a dilaton to SM and a hidden sector
L2 = ϕ˜
(
θµµtree + θ
µ
µanom
)
, (17)
where
θµµtree = −
∑
light l:q,χ
ml l¯ l. (18)
The contribution from massive gauge bosons are neglected in (18). The couplings of ϕ˜ to
massless gauge bosons (photons, gluons) and massive DP are generated at loop level and are
given by the anomaly term to (17)
θµµanom = −
α
8π
bEM FµνF
µν − αs
8π
b0G
a
µνG
µν a − ǫ¯
8π
FµνB
µν . (19)
Here, Fµν = ∂µAν −∂νAµ with the field Aµ of the photon, Bµν = ∂µBν −∂νBµ with the field
Bµ of DP; α and αs are the fine and strong coupling constants, respectively; bEM and b0 are
the coefficients of electromagnetic (EM) and strong (QCD) β-functions (to be defined below);
ǫ¯ ∼ O(ε), ε is free parameter, kinetic mixing angle between the photon and DP. Thus, LD of
the model L = L1 + L2 is invariant under (16) in addition to Aµ → Aµ + ∂µΛ.
If SM is embedded in conformal sector, the total β-functions for EM and strong interac-
tions vanish above 4πf , so, bEM and b0 are computed from contributions of particles lighter
than the dilaton. In particular, bEM = −80/9 if the dilaton mass is less than two masses of
the W-boson [15] ; b0 = −11 + 2nlight/3, where nlight is the number of quarks lighter than
the dilaton. We assume the contribution from DP is very small since ε ∼ 10−3 − 10−7 (see,
e.g., [1], [3] and the refs. therein). Using the equations of motion relevant to LD L, one can
find the equation for the physical dilaton field through the trace anomaly and kinetic mixing
terms:
θµµtree + θ
µ
µanom =
(

2 +
ǫ¯
4π
Fνµ ∂
µ∂ν
)
ϕ˜. (20)
The nature of the scale anomaly is seeing in the chiral limit in (20)
θµµanom = (∂ · B) +
ǫ¯
4π
Fνµ ∂
µBν
as the expansion over derivatives of DP field Bµ(x). If the conformal symmetry is restored,
the dilaton ϕ˜ becomes the ”ghost” canonical field obeying the dipole equation 2ϕ˜(x) = 0.
We propose, the detectable messenger between DM and SM is a scalar dilaton through its
decay to dark photons. DP in its solution is a composition of derivatives of the dilaton [3]
(see the next section).
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6. Abelian Dipole Dark Photon Model with different couplings
In this section we proceed in brief to ADDPM [3] where it is assumed the approximate
scale invariance of ADDPM for energies below ∼ 4πf and where the scale invariance is
preserved by the dilaton field Φ. Consider LD
L = −1
4
F 2µν−
ε
2
FµνB
µν− ε
2
4
B2µν+χ¯(iDˆ−mχ)χ+|Dµ(1)Φ|2−λ|Φ|4+µ20|Φ|2−b(∂B)+
b2
2η
, (21)
where Dˆ = Dµγ
µ, Dµ = ∂µ + igBµ; Dµ(1) = ∂µ + ig1Bµ; g and g1 are the coupling constants
(associated with the U ′(1) gauge group in the dark sector) of DP with DM and the dilaton,
respectively. The mixing of a photon and DP is induced by the shift Aµ → Aµ + εBµ; λ is
the self-coupling constant of dilaton field, µ0 and η are real parameters. LD (21) is invariant
under the restricted gauge transformations
Aµ → Aµ + ∂µΛ, Bµ → Bµ + ∂µΛ, Φ→ Φe−ig1Λ, χ→ χe−igΛ, b→ b,
where Λ(x) satisfies Λ(x) = 0. To proceed to the solution of ADDPM, we consider the real
scalar fields
φ+ f =
1√
2
(Φ + Φ⋆), ϕ =
−i√
2
(Φ− Φ⋆), (22)
where 〈Ω, ϕΩ〉 = 0, f = 〈Ω, (φ+ f)Ω〉. Having in mind (22), LD (21) becomes:
L = L1 + L2, (23)
where (the zeroth order of g1f and λf are considered)
L1 = −1
4
F 2µν −
1
2
εFµνB
µν − 1
4
ε2B2µν + χ¯(i∂µγ
µ −mχ)χ− g(B · J)− b(∂ · B) + 1
2η
b2, (24)
L2 =
1
2
m2B2µ +mBµ∂
µϕ− 1
2
µ2φ2 +
1
2
[
(∂µφ)
2 + (∂µϕ)
2
]
. (25)
In Eqs. (24) and (25), m = g1f is the DP mass, µ =
√
2λf is the dilaton mass. LD (23)
thus involves six parameters: ε, mχ, g, g1, m (or f) and µ. The mass m arises through the
Higgs-like mechanism. The charge of DP may be given by the measure ρ = ε cos θW (g/e),
where θW is the Weinberg angle, e is the electromagnetic charge. Actually, ρ → 0 as g → 0
as well as ε → 0. The dilaton becomes massless in the limit in which conformal symmetry
is recovered. The mass µ is light, proportional to the scale f times the parameter ∼ λ that
controls the deviation from exact scale symmetry.
There are four sectors in the model: SM, DM, DP and the dilaton. All the sectors con-
nected to each other by ε, g, g1 or ρ. The equations of motion are:
m2Bµ + η ∂µ(∂ ·B) +m∂µϕ− gJµ = 0, (26)

2ϕ = 0, ϕ 6= 0.
The solution of Eq. (26) is
Bµ =
g
m2
Jµ − 1
m
∂µϕ+
η
m3
∂µϕ. (27)
In case of weak coupling g << 1, the solution for DM field is [3]
χ(x) = χ(0)(x) : exp{ig[1 − (η/m2)]ϕ(x)/m} :, (28)
where χ(0)(x) is the canonical free Dirac field of DM that commutes with ϕ(x).
One can easily find the inverse Higgs condition [7] enters the second term in (27) for DP
field in ADDPM. The two-point Wightman functions and the propagators of both DM and
DP are presented in details in [3].
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7. Observables
In Sec. 6 we were considered DM χ(x) and DP Bµ(x) as the mathematical solutions of
ADDPM in the phase space Γ. Our aim is to find the solutions for DM and DP in terms of
observables. For this, we refer to L. Faddeev’s approach to dynamical systems with constraints
[16] where the links (constraints) la (a = 1, ..., k) as the functions of canonical variables were
introduced on Γ. If the canonical variables related to DM and DP do not vary throughout
Γ, the following equation la = 0 is valid. The links la are independent and irreducible in the
sense that any arbitrary function F as a linear combination of la, F =
∑
a ca l
a vanishes on
the physical space M , where ca are the coefficients, and being the variables, in general. The
physical space M is characterised by that the Poisson brackets of the link (or an arbitrary
function) with themselves or with the function vanish on M . The latter function carries the
features of the observable. In other words, the function of the interest on M is an observable
quantity for which the choice of arbitrary functions does not affect their variations in time.
The observables are some classes of functions on Γ, or they are the functions in M in the
weak sense. In our model, one can admit the surface b ≃ 0 in the physical subspace of the
phase space. Neither DP Bµ(x) (27), nor DM χ(x) (28) are not observables because their
Poisson brackets {b(x), Bµ(y)} ∼ ∂µD(x− y) and {b(x), χ(y)} ∼ gD(x− y) are not equal to
zero.
Both DM and DP fields are observables only under stochastic (random) forces represented
here by the operator hµ. DP field Bµ(x) has the fluctuations in medium with the probability
Π[Bµ] ∼ exp(−Z[hµ]), where
Z[hµ] = ln
∫
dBµ exp
{∫
dx[L(x) + hµ(x)B
µ(x)]
}
,
and hµ is a tempered distribution satisfying ∂µh
µ(x) = δ(x). Z[hµ] is entered the free energy
Fh which is
Fh =
∫
dhµ Z[h
µ] exp
{
−
∫
dxhnµ(x)
}
,
n = 1, 2, .... are external insertions of hµ(x). The following fields for DM and DP
χ˜(x;h) =
{
exp
[
i g
∫
d4y hµ(x− y)Bµ(y)
]}
χ(x), (29)
B˜µ(x;h) =
∫
d4y [gµν δ(x − y)− ∂µhν(x− y)]Bν(y)
obey the following relations in Poisson brackets, respectively, {b(x), χ˜(y;h)} = 0, {b(x), B˜µ(y;h)} =
0, and, hence, χ˜ and B˜µ are observables. Moreover, the latter are local if {O(x;h), O(y;h)} = 0
for all (x− y)2 < 0, where O : χ˜, B˜µ. In quantum case, Eq. (9) becomes
(iγµ∂µ −mχ)χ˜(x;h) = g γµ B˜µ(x;h) χ˜(x;h). (30)
8. Stochastic field
The Fourier transformation of stochastic (fluctuation) field hµ(x) admits the following
form:
hµ(p) = i
∫
d4q qµ
[
H+(p, q)
pq + iε
+
H−(p, q)
pq − iε
]
,
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where the positive (+) and negative (−) contributions are given through the form-factors
H±(p, q). The latter may also be associated with particle and anti-particle modes to stochastic
field hµ(x). The q in H±(p, q) are internal degrees of freedom relevant to hµ. The strength of
the form-factor H+(p, q) or H−(p, q) is given by the amplitude c+ or c−, respectively:
H±(p, q) = c±H(p, q).
Having in mind ∂µh
µ(x) = δ(x), the form-factor is H(p, q) = (2π)4 δ(q − n)(c+ + c−)−1, n is
an arbitrary 4-vector. Thus, in ℜ4 space one has
hµ(p) = i nµ
1
(c+ + c−)
(
c+
p n+ iε
+
c−
p n− iε
)
that transforms in ℜ4 to
hµ(x) =
nµ
(c+ + c−)
∫ +∞
−∞
dα [c+ θ(α)− c− θ(−α)] δ(x − nα). (31)
Using (31) one has
χ˜(x;n; c) = exp{ig
∫ +∞
−∞
dα
(c+ + c−)
[c+θ(α)− c−θ(−α)]nµBµ(x− nα)}χ(x), (32)
B˜µ(x;n; c) = Bµ(x)− ∂µ
∫ +∞
−∞
dα
(c+ + c−)
[c+θ(α)− c−θ(−α)]nν Bν(x− nα) (33)
for DM and DP observables, respectively. In case of the absence of anti-particles (c− = 0),
taken into account Eq. (30), the DM field in ℜ4 obeys the following equation:
(γµ pµ −mχ)χ˜(p;n; c) = g γµ
∫
d4k Tµν(k;n)B
ν(k) χ˜(p − k;n; c),
where c ≡ c+ and
Tµν(k;n) = gµν − kµ nν
k n+ iε
.
For nonlocal DP field under the condition nµB
µ(x − nα) → 0, the observables for DM (32)
and DP (33) become the formal solutions for these fields, χ˜(x;n; c)→ χ(x) and B˜µ(x;n; c)→
Bµ(x).
9. Some comments to phenomenology of DP
The phenomenology related to dark photons physics can be found in many papers (see,
e.g., [17] and the refs. therein). The dominant DM annihilation channels are into two dilaton
particles, either via exchange χ in the t-channel or directly using the operator containing two
dilaton fields [18]. In the conformal QCD scenario, there is an enhanced (33/2 − nlight) ∼
O(10) - factor of the effective coupling strength of the dilaton to gluons compared to that of
the SM Higgs boson [19]. As a result, the main dilaton decay channel is into two gluon jets for
the dilaton mass below 2mW [18]. However, there is the contribution from DP γ¯ proportional
to ∼ ε2. Hence, an observation of e+e− final pairs could unambiguously signal the discovery
of new spin 1 gauge boson, DP, in the decay Φ→ γγ¯ → γe+e−. Using the effective couplings
(17) and (19) the total decay width of the dilaton to photons and DP’s is
Γtot = ΓΦγγ
[
1 +
(
α¯ b¯EM
α bEM
)2
ε2
]
,
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where
ΓΦγγ =
µ3
4π
g2Φγγ , gΦγγ = −
α bEM
8π f
,
α¯ is the coupling of DP to the fermion (quark) in the loop with the mass less than the
mass µ of the dilaton; b¯EM ≃ bEM = −80/9 for µ < 2mW . In electroweak (EW) sector we
use µ < 160GeV and f = 250GeV from [18] where it has been shown a widely allowed
range for a light dilaton even for f not much above the EW scale. The partial decay width
Φ→ γγ is restricted by the value ΓΦγγ < 35 keV with the coupling gΦγγ ≃ 10−5GeV −1. The
observation of an excess above the value one in the ratio
R = 1 +
( α¯
α
)2
ε2
presents a challenge for the detection of new spin 1 particle with the massm. The registration
of dark photons is by their di-electron decay γ¯ → e+e− with the detection ratio
DR = R · Γγ¯e+e−
Γγ¯ all
,
where in the case m > 2me [20]
Γγ¯e+e− =
1
3
αmε2
[
1−
(
2me
m
)2]1/2
·
[
1 + 2
(me
m
)2]
.
We assume the decay mode γ¯ → e+e− is dominant and, thus, Γγ¯e+e−/Γγ¯ all ≃ 1. At energies
∼ m, the most efficient way to search for DP is through its decay to light hadrons where the
decay width is Γγ¯→hadrons = Γγ¯µ+µ− · Rhad with [21]
Rhad =
σ(e+e− → hadrons)
σ(e+e− → µ+µ−) =
6π
α
gΦγγf,
and Γγ¯µ+µ− is the partial decay width of the dark photons to muon pairs. The hadron’s
channel indicates about (3/4) bEM ∼ 7 increase of the branching ratio compared to that of
the e+e− pairs which could have profound consequences at the low energies experiments. If
no excess events are found, the obtained results can be used to impose bounds on ε- mixing
strength as a function of DP and dilaton masses.
10. Conclusions
We have developed the model where DP fields fluctuate in medium. We find out that
both DM and DP fields are observables only under the influence of stochastic (random)
vector states. The new characteristic feature of ADDPM is that the DP field is derived by
DM current and the derivatives of dilaton field. The inverse Higgs condition to vector field
is the only natural part of general solution for DP field in ADDPM. The observables for
DM (29), (32) are defined by DP field. The latter is the natural mediator between DM and
SM sectors. The advantage of ADDPM is that it introduces DM and DP into the theory
from the beginning which otherwise only may appear after some phenomenological inputs.
We proposed to perform the sensitive search for dark photons in still unexplored area of
ε ∼ 10−7 − 10−2 and masses of dilaton below 160GeV . The dilaton can decay mainly to
gluon jets or to two photons. If dark photons exist, their origin is the decay of the dilaton
with the sensitivity proportional to ε2.
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